Aims. The second release of Gaia Release 2 (Gaia DR2) contains the astrometric parameters for more than half a million quasars after cross matching with the prototype of the upcoming ICRF3 and the AllWISE AGN catalog. These quasars are used to define and materialize a kinematically non-rotating reference frame in optical band and to estimate the systematics in the parallaxes. We aim to evaluate the properties of the quasars astrometric solution. Methods. Besides the quasars from the AllWISE AGN catalog, we also cross match the quasars from LQAC3, SDSS DRQ14 and LAMOST DR5 with the Gaia DR2. The final quasar sample (designated as Known Quasars Catalog for Gaia mission, KQCG) contains 779349 objects. With this quasars sample, we estimate the global bias in parallax and proper motion, analysis the proper motion field with the vector spherical harmonics (VSH) functions and compare the results with different quasars subsets. The parallaxes are expanded with the scalar spherical harmonics. The positional comparisons between the ICRF2 sources and their counterparts in Gaia DR2 are also carried out. Results. The mean global parallaxes bias for the KQCG quasars is -0.0308 mas, and the median parallax is -0.0283 mas. For the high-precision subset (σ ω <1 mas), the corresponding values are -0.0278 mas and -0.0277 mas. The VSH analysis result of KQCG shows a different rotation compared with the Gaia-CRF2 quasars sample in the proper motion filed. The rotations of different samples are not larger than 10µas/yr for each axis, with the typical glide vector of KQCG is around (−8, +10, +9) ± 2µas/yr. There is a ∼ +0.01 mas/yr bias in the declination direction of the proper motion, and the typical glide of the proper motion field is (−9, +9, 0) ± 2µas/yr after subtracting the bias in µ δ . The quasars sample used to define the Gaia reference frame shows a different rotation in northern ((+2.2, +2.8, −1.5) ± 2.0µas/yr) and southern ((+9.5, +8.7, +0.8) ± 2.3µas/yr) hemisphere. The scalar harmonics spherical expansions of the parallaxes show a significant RMS value about 23 µas for the harmonic degree l = 4. No significant rotation is found between ICRF2 sources and their counterparts in Gaia DR2.
Introduction
The second Gaia data release (Gaia DR2) contains results for 1.693 billion sources from magnitude 3 to 21 based on the observations of the European Space Agency Gaia satellite during the period of 22 months between 2014 July 25 and 2016 May 23 , hereafter denoted as Gaia-DR2 Astrometric paper). 1332 millions sources are provided with five astrometric parameters (positions, parallaxes, and proper motions). An additional 361 million sources, mostly faint sources, are provided with approximate positions at the reference epoch J2015.5. For the sources with five-parameter astrometric solutions, the median uncertainty in parallax and position at the reference epoch J2015.5 is about 0.04 mas for bright (G < 14 mag) sources, 0.1 mas at G = 17 mag, and 0.7 mas at G = 20 mag. In the proper motion components, the corresponding uncertainties are 0.05, 0.2, and 1.2 mas yr −1 , respectively ). Quasars (or QSOs) are extremely distant and small in apparent size. They are ideal objects in establishing reference frame since they present no significant parallax or proper motion. Among of the astrometric solution, Gaia DR2 provides more than 550 000 quasars, obtained from a positional crossmatch with the ICRF3-prototype and AllWISE AGN catalog, with complete five astrometric parameters -positions, parallaxes, and proper motions ). With these half a million quasars, a kinematically non-rotating reference frame (the celestial reference frame of Gaia DR2, Gaia-CRF2) in the optical domain is defined (Mignard (2018) , hereafter in denote as Gaia-CRF2 paper). The optical positions for 2843 sources in common with the unpublished ICRF3-prototype with accurate VLBI positions are used to align the axes of Gaia-CRF2 with the ICRF radio frame. From these quasars and validation solutions, the systematics in the parallaxes depending on position, magnitude, and colour are estimated with a value below 0.1 mas. Besides, there is an overall negative bias of about 0.03 mas ).
However, besides quasars from the ALLWISE AGN catalog (Secrest (2015) ), there are other quasar catalogues that can enlarge the sample of quasars in Gaia DR2. To maximize the number of QSOs/AGNs, in addition to the quasars from All-WISE, we choose three samples for their huge number of reliable QSOs/AGNs. We started from the third Large Quasar Astrometric Catalogue (LQAC3) (Souchay (2015) ). LQAC3 contains the QSOs/AGNs discovered in 2dF/2QZ survey (Croom (2004) ), the DR10Q of the SDSS-III (Bolton (2012); Pâris (2014) A&A proofs: manuscript no. The_properties_of_the_quasars_astrometric_solution_in_Gaia_DR2 radio quasars listed in ICRF2, VLBA, VLA, and JVAS catalogs. And also the quasars from Hewitt & Burbridge catalog (Hewitt (1993) ) and Véron-Cetty & Véron catalog (Véron (2010) ). Here in this compilation, the quasars from SDSS in LQAC3 will be updated with the latest spectroscopically confirmed quasars in the SDSS-DR14 Quasar Catalog (Pâris (2017) ) by using data from the Baryon Oscillation Spectroscopic Survey (BOSS; Eisenstein (2015) ) and photometrically selected quasar in SDSS. And then enter the spectroscopically confirmed quasars in LAMOST DR5 (see http://dr5.lamost.org for more detail) using LAMOST spectroscopic data (Cui (2012) ). All these quasars have been compiled into a catalog (Liao (2018) ), which contains 1843850 objects.
This work aims to provide an overall analysis of the quasars astrometric solution in Gaia DR2. We begin with the global parallax and proper motion bias analysis in section 3 after the selection of the quasars in section 2. In section 4, we implement the vector spherical harmonics analysis of the selected quasars and compare the results with different quasars subsets. The scalar spherical harmonics analysis of the parallaxes is presented in section 5, with the comparison of the ICRF2 sources and their counterparts in Gaia DR2 followed in section 6. The last section is the conclusion.
Selection of quasars
To find the quasars in Gaia DR2, we use the following joint conditions to select quasars as adopted by the Gaia DR2 astrometric paper ) to reduce the risk of contamination by the stars:
Where ρ is the radius for the positional matching, b is the Galactic latitude. Under these conditions, 779349 quasars are found in the Gaia DR2 (denoted as KQCG in the rest of this paper). Among of them, 555934 sources are already found in the Gaia DR2 astrometric paper, which means that there are 223415 additional quasars. See the Figure 1 and 2 for the sky density distribution. The G magnitude histogram of the KQCG quasars is showed in Figure 3 , most of the 223415 additional quasars are fainter than magnitude 19. The distribution of the parallaxes and the proper motions of these additional sources can be found in Figure 4 and Figure 5 .
Global bias analysis

Parallax bias analysis
Quasars are ideal objects to check the parallax zero point since they present no significant parallax. The parallaxes for the whole KQCG quasars sample versus magnitude and colour are showed in figure 6. The mean and the median parallax of the KQCG sample is -0.0308 mas and -0.0283 mas, respectively. For the high-precision subset (σ ω <1 mas, 650232 objects), the corresponding values are -0.0278 mas and -0.0277 mas. These value agree with the results in Gaia-DR2 Astrometric paper ). In the top panel of Figure 7 , the parallax against the Ecliptic latitude does not show the roughly quadratic variation with ∼0.01 mas smaller towards the ecliptic poles as found in the Gaia-DR2 Astrometric paper ). We plot the magnitude distribution of the KQCG quasars sample versus the Ecliptic latitude in the bottom panel of Figure 7 , and find that the magnitude median is quiet stable (G ∼ 19.7) along the Ecliptic latitude. We believe the quadratic variation with ∼0.01 mas found in the Gaia-DR2 astrometric paper is caused by the sources around the Ecliptic poles are fainter in general, see Figure 9 for the magnitude sky distribution. We also plot the par- allax against the Galactic longitude, see Figure 8 , the median magnitude varies half magnitude along the Galactic longitude. With the brighter median magnitude, the parallax bias is larger in depletion zones at [320
Proper motion bias analysis
Quasars are extremely distant objects. Besides parallaxes, the proper motions of quasars are nominally zero for those selected for the reference frame (the Galactic acceleration effect is neglected here). In this section, we try to perform the global statistics to investigate their global quality. We plot the distribution of the proper motion versus the magnitude and the effective wavenumber of two quasars sample: KQCG and those quasars used for the Gaia-CRF2 frame rotation (they are denoted as Type2+Type3, see section 4.). The mean and median proper motion of the KQCG sample is -1.2 µas/yr and -2.4 µas/yr in right ascension, +10.4 µas/yr and +11.3 µas/yr in declination, respectively. For Type2+Type3 sample, the result is -0.4 µas/yr and -1.3 µas/yr in right ascension, +12.0 µas/yr and +11.7 µas/yr in declination. See Figure 10 and Figure 11 for the proper motion versus magnitude and colour. There is a proper motion bias of +10 µas/yr level in declination. . Parallaxes for the all KQCG quasars plotted against Gaia G magnitude (top), colour (bottom). As adopted by the Gaia-DR2 Astrometric paper (Lindegren (2018)), only the scale between [-0.2,0.2] mas is plotted. The yellow dots are the parallax data points, the green liens are the -0.0308 mas mean parallax for the full KQCG sample, while the red lines are the parallax medians ω med of each running-bin, the blue curves represent the interval of [0.98ω med ,1.02ω med ]. The same apply hereafter in. Fig. 7 . Parallaxes for the KQCG quasars plotted against ecliptic latitude (top) and the Gaia G magnitude plotted against the Ecliptic latitude (bottom). In the top panel, the yellow dots are the parallax data points, the black line represents the zero parallax value, the green line is the -0.0308 mas mean parallax for the full KQCG sample, while the red lines are the parallax ω med medians of each running bin, the blue curves represent the interval of [0.98ω med ,1.02ω med ]. In the bottom panel, the gray dots are the magnitude data points, only the scale [19, 20] for G magnitude are plotted. The pink line is the magnitude median of the running-bin.
Vector spherical harmonics analysis of the proper motion field
In this section, we perform the vector spherical harmonics (VSH) analysis of different quasars samples. The proper motions spatial distribution of the KQCG quasars are shown in Fig. 8 . Parallaxes for the KQCG quasars plotted against galactic longitude (top) and the Gaia G magnitude plotted against the Galactic longitude (bottom). In the top panel, the yellow dots are the parallax data points, the black line represents the zero parallax value, the green line is the -0.0308 mas mean parallax for the full KQCG sample, while the red lines are the parallax medians ω med of each running-bin, the blue curves represent the interval of [0.98ω med ,1.02ω med ]. In the bottom panel, the gray dots are the magnitude data points, only the scale between [19, 20] for G magnitude are plotted. The pink line is the magnitude median of each running-bin. Mignard & Klioner (Mignard (2012) ) is adopted. To have a better comparison of the analysis results, five groups of quasars subsets are investigated: the KQCG quasars sample (denoted as KQCG), the Gaia-CRF2 quasars sample (denoted as GCRF2), the 489163 AllWISE AGN indicated in the Gaia Archive by the field f rame_rotator_ob ject_type = 3 (denoted as Type3 here) used to determine the kinematically non-rotating celestial frame, and 2843 sources matched to the ICRF3 prototype and indicated by f rame_rotator_ob ject_type = 2 (denoted as Type2 here) and the combination of Type2 and Type3 (denoted as Type2+Type3).
The results of the VSH analysis are listed in table 1. The rotation of the KQCG sample change from about 10µas/yr with the harmonics of degree l = 1 to a few µas/yr with l = 5 may caused by the not uniform spatial distribution of the KQCG quasars sample. The rotation results of KQCG agree with the results of Type2+Type3 sample, although a larger value in y component. While the GCRF2 sample result shows a very different rotation, especially in x and y components. The faint end (G ≥19) and the bight end (G<19) of KQCG sample show a very different rotation (especially x and y component), this is consistent with the result of GCRF2 and the Type2+Type3 sample. With the much less number, the VSH analysis result of Type2 sample does not show any significant signal as the other samples. Even though the rotation results of different sample vary from each other, the rotations of them are not larger than 10µas/yr for each axis.
The glide vector of KQCG is (−8.7 ± 2.9, +9.6 ± 2.3, +8.9 ± 2.7) µas/yr. This result agrees with the other sample, while the y component of the GCRF2 sample relatively smaller. As found in the 3.2, there is a global bias in µ δ , if we subtract the bias in µ δ (that is µ δ -µ δ ) before performing the VSH analysis, the typical glide is (−9, 9, 0) ± 2 µas/yr, where the glide in z axis can be treated as zero within the error, see the rows marked with * in table 1.
If we consider only the rotation, then we have (Mignard (2012) ):
Where w X , w Y , and w Z are the three rotation rate of the proper motion field. We use this equation to further investigate the sources of KQCG and Type2+Type3 in Northern and Southern hemisphere, respectively. The results are shown in table 2. For the Type2 quasars, no significant rotation is found. For Type2+Type3 quasars, the x and y components of the rotation in southern hemisphere are more significant than the northern hemisphere. For KQCG sample, the rotation of x and y component agrees with each other in northern and southern hemisphere, while the z component is more significant in northern hemisphere.
If we try to estimate the proper motion bias in µ δ (denoted as dµ δ here), an additional term should be added in Equation (1):
The results can be found in table 2. The estimated bias in µ δ is consistent within error between these two quasars samples.
The scalar field of parallaxes
The parallaxes of the quasars are can be treated as parallax residuals. Parallaxes can be seen as the radial part of the spatial positions differences on the celestial sphere, see Figure 13 for the parallax sky distribution of KQCG sample. Here in this section, we try to analysis the parallax residuals using the scalar spherical harmonics as follows (Bucciarelli (2011) ):
Shilong Liao et al.: The properties of the quasars astrometric solution in Gaia DR2 Fig. 10 . Proper motions for the all KQCG quasars plotted against the Gaia G magnitude and colour (The first and second figure from the left is for µ α * , and the third and fourth is for µ δ ). The yellow dots are the proper motion data. The black line represents the zero value, the green lines in the two figures on the right is the +10.4 µas/yr mean µ δ , while the red lines are the proper motion medians µ med of each running-bin. Fig. 11 . Proper motions for the all Type2+Type3 quasars plotted against the Gaia G magnitude and colour (The first and second figure from the left is for µ α * , and the third and fourth is for µ δ ). The yellow dots are the proper motion data. The black line represents the zero value, the green lines in the two figures on the right is the +12.0 µas/yr mean µ δ , while the red lines are the proper motion medians µ med of each running-bin. Table 1 . VSH analysis of the proper motion field of different quasars samples in Gaia DR2. The VSH analysis results of GCRF2 sample (the last four rows) are taken from the Table 2 of the Gaia-CRF2 paper (Mignard (2018) Where Y lm are the standard spherical functions defined here the following sign convention:
for m≥0 and we have Y l,−m (α, δ) = (−1) m Y * lm (α, δ) for m <0. The * denotes complex conjugation. P lm (x) is the associated Legendre functions.
The equation 3 can be reduced as:
Where R and I denote the real and imaginary part of the function. The power of the expansion of different degree l is defined as follows:
The significant of a harmonic degree l is calculated by the equation (83) and (84) l=4 ∼ 23 µas), which corresponds to an angular scale ∼ 180
• /l=45
• .
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Shilong Liao et al.: The properties of the quasars astrometric solution in Gaia DR2 Fig. 15 . Sky distribution of ICRF2 sources counterparts found in Gaia DR2, Hammer-Aitoff projection in Equatorial coordinates. The blue dots are the defining sources, while the green dots are the Very long baseline array calibrator survey (VCS) sources, and the blacks are the non VCS sources.
Comparison of the optical and the radio positions of ICRF2 sources
In the Gaia-CRF2 paper (Mignard (2018) ), the unpublished ICRF3-prototype with accurate VLBI positions are used to align the axes of Gaia-CRF2 with the ICRF radio frame. In this section, we try to compare the angular differences the ICRF2 sources and their counterparts in Gaia DR2. The ICRF2 catalog was computed using nearly 30 years of VLBI observations and provides accurate positions of 295 "defining" sources and generally less accurate positions of 3119 other radio sources, leading to 3414 sources in total (Fey (2015) ), see Figure 14 for the sky distribution.
Identification of ICRF2 sources in Gaia DR2
To find the counterparts of the ICRF2 sources in Gaia DR2 astrometric solutions, we use the following joint conditions as adopted by the Gaia-DR2 Astrometric paper:
Where ρ is the radius for the positional matching. Under these conditions, 1321 ICRF2 sources are found in the Gaia DR2 sources see Figure 15 for the sky density. One can see that all the matched ICRF2 sources are in the northern hemisphere. The most likely explanation might be that the position errors of the sources in southern hemisphere are generally substantially worse due to small number of observation stations in the southern hemisphere (Malkin (2015) ). The angular distance between two objects is computed as:
Where ∆α * = ∆α cos δ. Figure 16 gives the histogram of the angular differences. Among the matched sources, most of the angular differences are smaller than 1 mas, and also a few sources with ρ larger than 10 mas. Figure 17 shows the angular differences ρ between the ICRF2 sources and their counterparts in Gaia DR2 with respect to the formal positional uncertainties σ pos,max of the ICRF2 sources and the Gaia DR2 sources. Most of the sources in Gaia DR2 have position uncertainties under 1 mas, while the uncertainties of the sources in ICRF2 range from 0.04mas to 10 mas with even a few of them up to tens of mas. Some sources Fig. 16 . Histogram of the angular differences ρ between Gaia DR2 and ICRF2 sources for 1321 common sources. The axis is log-log scale, and the bins in ρ is 0.07735 mas. Fig. 17 . The formal position uncertainties σ pos,max of the Gaia DR2 sources (abscissa) with respect to the ICRF2 sources (ordinate). The color bar on the right is the position differences ρ (in mas) between Gaia DR2 and the ICRF2 sources. The axis is log-log scale.
with small position uncertainties show large angular differences, which also happens in the Gaia DR2 sources when compared with the ICRF3 prototype (Mignard (2018) ).
Systematics analysis
The alignment of the optical positions in Gaia DR2 with respect to the ICRF2 can be modelled by an infinitesimal solid rotation with the following equations (Lindegren (2016) ):
Where ∆α * = ∆α cos δ. X , Y and Z are the three rotation angles around the ICRS parameters. The weighted least-squares estimation of the orientation parameters between Gaia-CRF2 and ICRF2 are listed in table 4. No significant rotation is found at the level of 0.1 mas. 
Conclusions
We analysis the properties of the quasars astrometric solutions of 779349 quasars (indicated as KQCG), which is about 40% more than the Gaia-CRF2 quasars sample, the conclusions are as follows:
1. The mean global parallaxes bias for the KQCG quasars sample is -0.0308 mas and the median value is -0.0283 mas, which agrees with the results in the Gaia DR2 paper. The roughly quadratic variation with ∼ 0.010 mas smaller parallaxes towards the ecliptic poles is most likely caused by the fainter sources around the ecliptic poles.
2. The VSH method is applied to the proper motion vector field of different quasars sample. The rotation result of KQCG agrees with the result of Type2+Type3 quasars sample. The GCRF2 quasars sample result shows a very different rotation with respect to KQCG. The rotations of them are not larger than 10µas/yr for each axis. The glide vector of KQCG is (−8.7 ± 2.9, +9.6 ± 2.3, +8.9 ± 2.7)µas/yr. The Type2+Type3 sample shows a different rotation in northern and southern hemisphere. While the rotation of the KQCG sample agrees in in northern and southern hemisphere in x and y components.
3. There is a ∼ +0.01 mas/yr bias in the declination direction of proper motion, and the typical glide of the proper motion field is (−9, 8, 0) ± 2µas/yr after subtracting the bias in µ δ . The expected signature for the Galactocentric acceleration is (−0.25, −3.93, −2.18) µas/yr in the ICRS component. Clearly the bias in µ δ is larger than the Galactocentric acceleration.
4. The scalar harmonics sphere expansion of the parallaxes show a significant harmonic degree at l =4 with significance of Z χ 2 > 7.
5. The ICRF2 sources are cross matched with the Gaia DR2 sources. Only the sources in the northern hemisphere are found, which may be caused by the generally substantially worse position errors in southern hemisphere. The systematic between the ICRF2 sources and the corresponding Gaia DR2 sources is analyzed, no significant rotation signal is found.
